HEP {2005} 169:205-223
(@ Springer-Verlag Berlin Heidelberg 2005

Anxiety Disorders: Noradrenergic Neurotransmission

A. Neumeister? (52) - R.J. Daher! - D.S. Charney?

"Mood and Anxiety Disorders Research Program, National Institute of Mental
Health/NIH, 15K North Drive, MSC 2670, Bethesda MD, 20892-2670, USA
>Mount Sinai $chool of Medicine, One Gustave L, Levy Place, Box 1102,

New York NY, 10029, USA .

*Yale University School of Medicine, Molecular Imaging Program of the Clinical
Neuroscience Division, 950 Campbell Avenue, West Haven NY, 10029, USA
Alexander.Newmeister@yale.edu

1 Neural Mechanisms of Anxietyand Fear . . , ., .. ... .. ......... 206
2 Reconsolidation . .. ............ e e e e e 209
3 EXHRCLONM . . . . 0 ittt s it e ettt e et e e 210
4 The Neurochemical Basis uf Fearand Anxiety. . ... ............. 212
5 NoradremergicSystem. .. . ... .. ... ... c.ui e, . 212
6 PosttraumaticStressDisorder . . . ... .. .. ... .. ... ..... .. 216
7 PanicDisorder . . . . ... . e e e e e 216
8 PhobicDisorders . ............... .00 .... e 217
9 Conclusion . . . . ... ... ... e e e 217

ReferenCes . . . . L. e e e e e e e e e e T 218

Abstract The past decade has seen a rapid progression in our knowledge of the neurcbiolog-
ical basis of fear and anxiety. Specific neurochemical and neuropeptide systems have been
demonstrated to piay important roles in the behaviors associated with fear and anxiety-
producing stimuli, Long-term dysregulation of these systems appears to contribute to the
development of anxiety disorders, including panic disorder, posttraumatic stress disorder
(PTSD). and social anxiety disorder. These neurochemical and neuropeptide systems have .
been shown to have effects on distinct cortical and subcortical brain areas that are relevant
to the mediation of the symptoms associated with anxiety disorders. Moreover, advances in
molecular genetics portend the identification of the genes that underlie the neurobiologi-
cal disturbances that increase the vulnerability to anxiety disorders, This chapter reviews
clinical research pertinent to the neurobiological basis of anxiety disorders. The implica-
tions of this synthesis for the discovery of anxiety disorder vulnerability genes and novel
psychopharmacological approaches will also be discussed. '
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1 .
Neural Mechanisms of Anxiety and Fear

Classical fear conditioning is a form of associative learning in which subjects
come to express fear responses to neutral conditioned stimuli (CS) that are
paired with an aversive unconditioned stimulus (US). The CS, as a conse-
quence of this pairing, acquire the ability to elicit a spectrum of behavioral,
autonomic, and endocrine responses that normally would only occur in the
context of danger (Blair et al. 2001). Fear conditioning can be adaptive and
enable efficient behavior in dangerous situations. The individual who can ac-
curately predict threat can engage in the appropriate behaviors in the face of
danger. In the clinical situation, specific environmental features (CS) may be
linked to a traumatic event, spontaneous panic attack, or embarrassing social
situation (US), such that re-exposure to a similar environment produces a re-
currence of symptoms of anxiety and fear. Patients often generalize these cues
and experience a continuous perception of threat to the point that they become
conditioned to context {Table 1 outlines the five neural mechanisms of anxiety
and fear).

. Cue-specific CS are transmitted to the thalamus by external and visceral
pathways. Afferents then reach the lateral amygdala (LA) via two parallel cir-
cuits: a rapid subcortical path directly from the dorsal (sensory) thalamus and
a slower regulatory cortical pathway encompassing primary somatosensory
cortices, the insula, and the anterior cingulate/prefrontal cortex. Contextual
CS are projected to the LA from the hippocampus and perhaps the bed nucleus
of the stria terminalis. The long loop pathway indicates that sensory informa-
tion relayed to the amygdala undergoes substantial higher level processing,
thereby enabling assignment of significance, based upon prior experience, to
complex stimuli. Cortical involvement in fear conditioning is clinically rele-
vant because it provides a mechanism by which cognitive factors will influ-
ence whether symptoms are experienced or not, following stress exposure
{LeDoux 2000). _

During the expression of fear-related behaviors, the LA engages the central
nucleus of the amygdala (CEA}, which, as the principal output nucleus, projects
to areas of the hypethalamus and brain stem that mediate the antonomic, en-
docrine, and behavioral responses associated with fear and anxiety (Schafe
et al. 2001). The molecular and cellular mechanisms that underlie synaptic
plasticity in amygdala-dependent learned fear is an area of very active in-
vestigation (Shumyatsky et al. 2002). Long-term potentiation (LTP) in the LA
appears to be a critital mechanism for storing memories of the C3-US associa-



Table1 Neural mechanisms related to pathophysiology and treatment of anxiety disorders

Mechanism Neurochemical Brain regions Pathophysiclogy Treatment development
systems

Pavlovian (cue  {Glutamate, NMDA Medial prefrontal cortex, sen-  May account for common clinical observa-  Treatment with NMDA receptor antago-

specific) fear receptots, VGCCs SOy cortex, anterior cingulate, tion in panic disorder, PTSD that sensory  nist and VGCC antagonist may attenuate

conditioning dorsal thalamus, lateral amyg-  and cognitive stimuliassociated with ot re-  acquisition of fear
dala, central nucleus of amyg-  sembling the frightening experience elicit :
dala panic attacks, flashbacks, and autonomic
symptoms ’

Inhibitory NE/B-adrenergic Medial prefrontal cortex, baso-  Excessive stress-mediated release of CRH, CRHantagonists and fp-adrenergic recep-

avoidance receptor, cortisol/ lateral amy%dala, hippocampus,  cortisol, and NEwill facilitate development  tor agonists may have preventative effects

{contextual ghucocorticoid BNST entorhinal cortex of indelible fear memories, Chronic anxi-

fear) receptor, CRH, ety and phobic symptoms may result from
GABA, opioids, excessive contextual fear conditioning
acetylcholine :

Reconsolidation Glutamate, NMDA  Amygdala, hippocampus Repeated reactivation and reconsclidation  Treatment with NMDA receptor and
receptors, NE, p-ad- ma:r further strengthen the memory trace  f-adrenergic receptor antagonists after
renergic receptors, and lead to &Jersistence of trauma and ~ memory reactivation may reduce the
CREB phobia-related symptoms ’ strengtl{ of the original anxiety provok-

. ing memory :

Extinction Glutamate, NMDA Medial prefrontal sensory cor-  Failure inn neural mechanisms of extinc- Psychatherapies need to be developed -
receptors, VGCCs, tex, amygdala tion may relate to persistent traumatic  that facilitate extinction through the use
NE, dopainine, K mermories, re-experiencing symptoms, au-  of conditioned inhibitors and the learn-
GABA tonomic hyperarousal, and phobic behav-  ing of "new memories” The combination

iors of extinction based psychotherapy and p-
cycloserine may be a particularly effec-
tive treatment

Sensitization ~ Dopaminergic, no-  Nucleus accumbens, amygdala,

radrenergic NMDA
receptors

striatum, hypothalamus

May explain the adverse effects of early life
trauma on subsequent responses to stress-
fullike events. May play arole in the chronic
course of many anxiety disorders and, in
some cases, the worsening of the iilness
over time

Suggests the efficacy of treatment may
vary according to the state of evolution of
the disease process. Emphasizes the im-
portance of early treatment intervention

BNST, bed nucleus of the stria terminalis; CREB, cyclic AMP response element-binding protein; CRH, corticotrophin-releasing hormene; CS, conditioned stimuli;
GABA, y-amincbutyric acid; GCG, voltage-gated calcium channels; NE, norepinephrine; NMDA, N-methyl-p-aspartate; PAG, periaqueductal gray.
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N-methyl-p-aspartate {NMDA) receptors and iroltage gated calcium channels
(VGCCs) initiates the molecular processes to consolidate synaptic changes into

long-term memory (Blair et al, 2001), Short-term memory requires calcium
entry only through NMDA receptors and not VGCCs,

this hypothesis to be tested clinically (Grillon 2002). If memantine impairs
the acquisition of fear in humans, it may have utility in the prevention and
treatment of anxiety disorders such as Postiraumatic stress disorder (PTSD),
and panic disorder. Blockade of VGCCs appears to block long-term but not
short-term memory {Bauer et 4. 2002). Therefore, clinically available calcium

related to the coincident learning of the Us-Cs association (i.e., Pavlovian fear
conditioning) in the LA, However, there is significant evidence that a broader
neural circuitry underlies fear memory that is modulated by amygdala activity.

in other brain structures (McGaugh 2002).

Specific drugs and neurotransmitters infused into the basolateral amyg-
dala (BLA) influence consolidation of memory for inhibitory avoidance train-
ing. Post-training peripheral or intra-amygdala infusions of drugs affecting
y-aminobutyric acid (GABA), opioid, glucocorticoid, and muscarinic acetyl-
choline receptors have dose- and time-dependent effects on mMemory consol-
idation (McGaugh 2002). Norepinephrine (NE) infused directly into the BLA

by an aversive experience may predict the extent of the long-term memory for
the experience (McIntyre et al, 2002},

Interactions among corticotropin-reieasing hormone (CRH), cortisol, and
NE have very important effects o1 memory consolidation, which is likely to
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be relevant to the effects of traumatic stress on memory. Extensive evidence
indicates that glucocorticoids influence long-term memory consolidation via
stimulation of glucocorticoid receptors (GR). The glucocorticoid effects on
memory consolidation require activation of the BLA, and lesions of the BLA
block retention enhancement of intrahippocampal infusions of a GR agonist.
Additionally, the BLA is a critical locus of interaction between glucocorticoids
and NE in modulating memory consolidation (McGaugh et al. 2002).

There is extensive evidence consistent with a role for CRH in mediating
stress effects on memory consolidation. Activation of CRH receptorsinthe BLA
by CRH released from the CEA facilitates stress effects on memory consolida-
tion. Memory enhancement produced by CRH infusions in the hippocampus
are blocked by propranolol, suggesting CRH, through a presynaptic mecha-
nism, stimulates NE release in the hippocampus (Roozendaal et al. 2002).

These results support the concept that CRH via an interaction with glico-
corticoids interacts with the noradrenergic system to consolidate traumatic
memories. Individuals with excessive stress-induced release of CRH, corti-
sol, and NE are likely to be prone to the development of indelible traumatic
memories and associated re-experiencing symptoms. Administration of CRH
antagonists, glucocorticoid receptor antagonists, and f-adrenergic receptor
antagonists may prevent these effects in vulnerable subjects.

2
Reconsolidation

Reconsolidation is a process in which old, reactivated memories undergo an-
other round of consolidation (Debiec et al. 2002; Milekic et al. 2002; Myers
et al. 2002). The process of reconsolidation is extremely relevant to both vul-
nerability and resiliency to the effects of extreme stress. It is the rule rather
than the exception that memories are reactivated by cues associated with
the original trauma. Repeated reactivation of these memories may serve to
strengthen the memories and facilitate long-term consolidation (Przbyslawski
et al. 1999; Sara 2000). Each time a traumatic memory is retrieved, it is inte-
grated into an ongoing perceptual and emotional experience and becomes
part of a new memory. Moreover, recent preclinical studies indicate that
consolidated memories for auditory fear conditioning, which are stored in
the amygdala (Nader et al. 2000a), hippocampal-dependent contextual fear '
memory (Debiec et al. 2002), and hippocampal-dependent memory associ-
ated with inhibitory avoidance (Milekic et al. 2002) are sensitive to disrup-
tion upon reactivation by administration with a protein synthesis inhibitor
directly into the amygdala and hippocampus, respectively. The reconsoli-
dation process, which has enormous clinical implications, results in reac-
tivated memory trace that returns to a state of lability and must undergo
consolidation once more if it is to remain in long-term storage. Some con-
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troversies persist regarding the temporal persistence of systems reconsolida-
tion. Debiec and colleagues found that intrahippocampal infusions of ani-
somycin caused amnesia for a consolidated hippocampal-dependent mem-
ory if the memory was reactivated even up to 45 days after training (De-
biec et al. 2002). Milekic and Alberini (2002}, however, found that the ability
of intrahippocampal infusion of anisomycin to produce amnesia for an in-
hibitory avoidance task was evident only when the memory was recent (up
to 7 days). Further work is needed to resolve this very important question
{Myers et al. 2002). .

The reconsolidation process involves NMDA receptors, B-adrenergic re-
ceptors, and requires cyclic AMP response element binding protein (CREB)
induction. The CREB requirement suggests that nuclear protein synthesis is
necessary {Kida et al. 2002). NMDA receptor antagonists and f-receptor an-
tagonists impair reconsolidation (Przbyslawski et al. 1997, 1999). Thie effect of
the B-receptor antagonist propranclol was greater after memory reactivation
than when administered immediately after initial training. These results sug-
- gest that reactivation of memory initiates a cascade of intracellular events that
involve both NMDA receptor and B-receptor activation in a fashion similar to
post-acquisition consolidation,

This remarkable lability of a memory trace, which permits a reorganiza-
tion of an existing memory in a retrieval environment, provides a theoretical
basis for both psychotherapeutic and pharmacotherapeutic intervention for
traumatic stress exposure as well as other anxiety disorders. Administration
of B-receptor and NMDA receptor antagonists shortly after trauma exposure
or spontaneous panic attacks as well as after reactivation of memory associ-
ated with the anxiety-inducing event may reduce the strength of the original
memory.

3 .
Extinction

When the CS is presented repeatedly in the absence of the US, a reduction in
the condition fear response occurs. This process is called extinction. It forms
the basis for exposure-based psychotherapies for the treatment of anxiety
disorders characterized by exaggerated fear responses. Individuals who show
an ability to quickly attenuate learned fear through a powerful and efficient
extinction processes are likely to function more effectively under dangerous
conditions.

Extinction is characterized by many of the same neural mechanisms as
in fear acquisition. Activation of amygdaia NMDA receptors by glutamate
is essential (Myers and Davis 2004) and L-type VGCCs also contribute to
extinciion plasticity (Cain et al. 2002). Long-term extinction memory is altered
by a number of different neurotransmitters systems including GABA, NE, and
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dopamine (DA) in a manner similar to fear acquisition (McGaugh et al. 1990;
Willick et al. 1995).

Destruction of the medial prefrontal cortex (mPEC) blocks recall of fear
extinction (Quirk et al. 2000; Morgan et al. 1993), indicating that the mPFC
might store long-term extinction memory. Infralimbic neurons, which are part
of the mPFC, fire only when rats are recalling extinction—greater firing corre-
lates with reduced fear behaviors (Milad et al. 2002). It has been suggested that
the consolidation of extinction involves potentiation of inputs into the mPFC
by means of NMDA-dependent plasticity. The BLA sends direct excitatory in- -
puts to the mPFC, and NMDA antagonists infused into BLA blocks extinction.
The ability of the mPFC to modulate fear behaviors is probably related to-
projections from the mPFC via GABA interneurons to the BLA (Royer et al.
. 2000).

Failure to achieve an adequate level of activation of the mPFC after'extinction
might lead to persistent fear responses (Herry et al. 2002). Individuals with the
capacity to function well following states of high fear may have potent mPFC
inhibition of amygdala responsiveness. In contrast, patients with PTSD exhibit
depressed ventral mPFC activity which correlated with increased autonomic
arousal after exposure to traumatic reminders (Bremner et al, 1999). Consistent
with this hypothesis, we recently showed that PTSD patients had increased left
amygdala activalion during fear acquisition and decreased mPFC/fanterior cin-
gulate activity during extinction (Bremmer et al. 2003). It has been proposed
that potentiating NMDA receptors using the glycine agonist, p-cycloserine,
may facilitate the extinction process when given in combination with behav-
ioral therapy in patients with anxiety disorders (Davis 2002).

These preclinical investigations suggest that clinical research paradigms
capable of evaluating the mechanisms of fear conditioning in clinical popu-
lations would be of great value. Psychophysiological studies in PTSD patients
have been reviewed recently and have consistently demonstrated increased
electrophysiological and autonomic responses to trauma related stimuli (Orr
et al. 2002). The startie reflex has been used to study fear conditioning in hu-
mans. Startle is a useful method for examining fear responding in experimental
studies involving both animals and humans that is mediated by the amygdala
and connected structures, There is evidence of elevation of baseline startle in
almost all anxiety disorders (Grillon 2002), suggestive of increased contextual
fear, This is consistent with hyperexcitability of neural structures underlying
contextual fear such as the BNST. Vulnerability to anxiety disorders may re-
late to startle Tesponses. Girls at high risk for developing anxiety disorders
are overly sensitive to contextual threat, but exhibit normal fear-potentiated
startle. High-risk boys, on the other hand, exhibit elevated potentiated star-
tle and normal contextual responses. Cue fear learning is an adaptive pro-
cess by which undifferentiated fear becomes cue specific. Deficits in cue fear
learning may lead non-adaptive aversive expectancies and a state of chronic
anxiety.
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4
The Neurechemica! Basis of Fear and Anxiety

© Specific neurotransmitters and neuropeptides act on brain areas noted above
in the mediation of fear and anxiety responses. These neurochemicals are
released during stress, and chronic stress results in long-term alterations in
function of these systems. Stress axis neurochemical systems prepare the or-
ganism for threat in multiple ways, through increased attention and vigilance,
modulation of memory (in order to maximize the utilization of prior experi-
ence), planning, and preparation for action. In addition, these systems have
peripheral effects, which include increased heart rate and blood pressure {cat-
echolamines} and rapid modulation of the body’s use of energy (cortisol). The
neurobiological responses to threat and severe stress are clearly adaptive and
have survival value, but they also can have maladaptive consequences when
they become chronically activated. Examination of the preclinical data con-
cerning neurochemical substrates of the stress response, the long-term impact
of early life exposure to stress, and possible stress-induced neurotoxicity pro-
vide a context to consider clinical investigations of the pathophysiology of the
anxiety disorders. ' .

5
Noradrenergic System

Stressful stimuli of many types produce marked increases in brain noradrener-
gic function. Stress produces regional selective increases in NE turnover in the
locus coeruleus (LC), imbic regions (hypothalamus, hippocampus, and amyg-
dala), and cerebral cortex. These changes can be elicited with immobilization
stress, foot-shock stress, tail-pinch stress, and conditioned fear, Exposure to
stressors from which the animal cannot escape results in behavioral deficits
termed learned helplessness. The learned helplessness state is associated with
depletion of NE, probably reflecting the point where synthesis cannot keep up
with demand. These studies have been reviewed elsewhere in detail (Bremner
et al, 1996a,b).

The LC is a compact nucleus containing noradrenergic neurons as weil
as peptide neurotransmitters (e.g., hypocretin and CRH) that influence its
activity. LC neurons can fire in either a tonic or phasic pattern, and electrotonic
coupling between neurons can be influenced by neurotransmitters. Release of
NE can be accompanied by co-release of the peptide neurotransmitter galanin,
which is inhibitory and may alter the firing rate of DA neurons, thus altering
its hedonic tone. Shifts in the pattern of firing of LC neurons are thought to be
~ of great importance in understanding attentional processes, often disrupted
in depression. The LC neurons have long dendritic processes for synaptic
contact to influence its activity, and LC neurons may be strongly influenced
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by anterior cingulate cortex. It has recently been suggested that the AZ group
of the medulla may innervate important structures such as the amygdala and
nucleus accumbens and thus may be important in affect regulation. Receptors
for NE are grouped into o1, a2, B1, and B2 subtypes.

Chronic therapy with antidepressants results in adaptive receptor alter-
ations in the noradrenergic system. Three genes code for the expression of a1
subtypes, and these three receptor subtypes (A-C} have distinctive pharma-
cological properties. Recent data suggest that chronic antidepressants and

- electroconvulsive stimulation (ECS) may increase {rontal cortex expression of
mRNA specifically for the alA-adrenoreceptor subtype and, as such, this re-
ceptor may be involved in the action of noradrenergic antidepressants {Nalepa
el al, 2002). Repeated administration of antidepressants has been observed to
increase behavioral responsivity to al-adrenergic agonists (such as aggres-
siveness and hyperexploration) as well as increasing agonist-binding affinity
for al-adrenoreceptors.

Electrophysiological studies in the hippocampus also support enhanced al
responses after chronic antidepressant treatments. Recent data indicate that -
the novel antidepressant tianeptine, which may increase serotonin reuptake
when given chronically, also increases responsiveness of the al-adrenergic
system {Rogoz et al. 2001).

Single unit recording from the LC indicates that chronic administration of
multiple classes of antidepressanis and electroconvulsive stimulation reduce
LC baseline and sensory-stimulated firing rates (Grant et al. 2001). It has been
hypothesized that reducing the firing rate of noradrenergic neurons may be
therapeutic, especially in anxiety disorders and also subgroups of patients with
depression with certain clinical features, such as psychomotor retardation, by

- reducing the release of inhibitory co-released galanin neuropeptide onto DA

neurons in the ventral tegmental area (VTA)} (Weiss et al. 1998). However,
reduced firing in the noradrenergic neurons of the LC could simply be a func-
tion of increased levels of synaptic or extracellular NE resulting in feedback

inhibitior of LC firing (Grant et al. 2001).

The a2 antagonist, yohimbine, has been observed to augment the speed of
response to fluoxetine {Sanacora et al 2004), and in a very small study (n=14)
of bipolar depression the a2 antagonist idazoxan appeared to have antide-
~ pressant effects equal to bupropion {(Grossman et al 1999). Upregulation of
immunolabeled a2A receptors and associated G proteins (Gi) are observed
postmortem in suicide victims {Garcia-Sevilla et al. 1999). This is of interest,
given the critical importance of these receptors in stress and in regulating lev-
els of monoamines via autoreceptors and heteroreceptors, As well, the efficacy
of antidepressants such as mirtazapine and mianserin may in part depend on
these receptors. Recent transgenic experiments suggest that the a2 receptor
may act as a “suppressor of depression,” Knockout of the gene for the a2
receptor increases immobility in the forced swim test and eliminates the aug-
mentation of forced swim test activity by imipramine (Schramm et al. 2001).
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In contrast, other recent experiments suggest that mice lacking a2C receptors
perform on the forced swim test in the same fashion as mice treated with
antidepressants (Sallinen et al. 1999). Thus, the a2A and the a2C receptors
may have complementary and opposing roles in the regulation of mood and
anxiety and have a complementary role in NE responses in the heart (Schramm
et al. 2001). If reducing a2C activity is to be used as an antidepressant strategy
it may require some method of targeting only those receptors in the CNS,
since an o2CDel322-325 polymorphism that reduces feedback inhibition of
sympathetic NE released in the heart is associated a markedly a increased risk
of heart disease (Small et al. 2002). Since some individuals with depression
also have memory disturbance, recent evidence that mutation of the 24 re-
ceptor impairs working memory could also help us understand the cognitive
symptoms observed in depression (Franowicz et al, 2002},

Crosstalk between the catecholamine system and steroids may be another
novel mechanism through which NE and epinephrine—Dby increasing the sen-
sitivity of glucocorticoid receptors to ligand activation—could alter mood
and anxiety symptoms, A recent study found that amitriptyline prevented
the appearance of impairment in spatial memory in aged rats and reduced
glucocorticoid tevels, and this effect is most likely secondary to NE-mediated
alteration in glucocorticoid signaling (Yau et al. 2002). Augmentation effects of
catecholamines on GR signaling may thus be important in cognitive and emo-
tional processing. The PI3-K signaling pathway activation through B-receptors
appears to be responsible for this putative enhancement of glucocorticoid ac-

. tivity, and it is tempting to conjecture that antidepressants that are known to
downregulate B-receptors and influence PI3-K signaling could act by gluco-
corticoid receptor semsitization (Schmidt et al. 2001). _

. As’can be seen in Table 2, chronic symptoms experienced by anxiety dis-
order patients, such as panic attacks, insomnia, startle, and autonomic hy-
perarousal, are characteristic of increased noradrenergic function (Charney
et al. 1984, 1987a). Potential drugs of abuse, such as alcohol, opiates, and
benzodiazepines (but not cocaine), decrease firing of noradrenergic neurons.
Increases in abuse of these substances parallels increased anxiety symptoms,
providing evidence for seif-medication of these symptoms that is explainable
based on animal studies of noradrenergic function. In addition, patients with
anxiety disorders frequently report significant improvement of symptoms of
hyperarousal and intrusive memeories with alcohol, benzodiazepines, and opi-
ates, which decrease LC firing, but worsening of these symptoms with cocaine,
which increases LC firing.

There is strong evidence that function of the brain noradrenergic system
is involved in mediating fear conditioning (Rasmussen et al. 1986; Charney
and Deutch 1996). Neutral stimuli paired with shock (CS) produce increases
in brain NE metabolism and behavioral deficits similar to those elicited by
the shock alone (Cassens et al. 1981) as well as increased firing rate of cells
in the LC (Rasmussen et al. 1986). An intact noradrenergic system appears
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Table 2 Evidence for altered catecholaminergic function in anxiety disorders®

PTSD Panic disorder

Increased resting heart rate and blood pressure +/- -
Increased heart rate and blood pressure response to trau- +++ + +
matic reminders/panic attacks

Increased resting urinary NE and B . + +-
Increased resting plasma NE or MHPG

Increased plasma NE with traumatic reminders/panic attacks + +f-
Increased orthostatic heart rate response to exercise + +
Decreased binding to platelet o receptors + +/—
Decrease in basal and stimulated activity of cAMP +/- +
Decrease in plalelet MAO activity + NS
Increased symptoms, heart rate and plasma MHPG with ++ + ++
yohimbine

mnoradrenergic challenge

Differential brain metabolic response to yohimbine + +

4 One or more studies do not support this finding (with no positive studies), or the majority
of studies does not support this finding; +/—, an equal number of studies support and do
not support this finding; +, at least one study supports and no studies do not support the
finding, or the majority of studies supparts the finding; + +, two or more studies support
 and no studies do not support the finding; + + +, three or more studies suppoit and
. no studies do not support the finding; cAMP, cyclic adenosine 3,5°;-monophosphate; E,
epinephrine; MAQ, moncamine oxidase; MHPG, 3-methosy-4-hydrexyphenylglycol; NE,
norepir;ephrine; NS, not studied; PTSD, posttraumatic stress disorder.

to be necessary for the acquisition of fear-conditioned responses (Cose and
Robbins 1987). , '
Many patients with anxiety disorders experience an increased susceptibility
1o psychosocial stress. Behavioral sensitization may account for these clinical
phenomena. In the laboratory model of sensitization, single or repeated ex-
posure to physical stimuli or pharmacological agents sensitizes an animat to
subsequent stressors (reviewed in Charney et al. 1993). For example, in an-
imals with a history of prior stress, there is 2 potentiated release of NE in
the hippocampus with subsequent exposure to stressors (Nisenbaum et al.
1991). Similar findings were observed in medial prefrontal cortex (Finlay and
Abercrombie 1991). The hypothesis that sensitization is underlying neural
mechanism contributing to the course of anxiety disorders is supported by
clinical studies demonstrating that repeated exposure to traumatic stress is an
_important risk factor for the development of anxiety disorders, particularly
PTSD {Table 1). ‘
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&
Posttraumatic Stress Disorder

There is extensive clinical evidence that NE plays arolein human anxiety. Well-
designed psychophysiological studies have been conducted that have docu-
mented heightened autonomic or sympathetic nervous system arousal in com-
bat veterans with chronic PTSD. Because central noradrenergic and peripheral
sympathetic systems function in concert {Aston-Jones et al, 1991}, the data
from these psychophysiology investigations are consistent with the hypothesis
that noradrenergic hyperreactivity in patients with PTSD may be associated
with the conditioned or sensitized responses to specific traumatic stimuli.

There is some evidence that baseline levels of NE are consistently altered
in combat-related PTDS. Women with PTSD secondary to childhood sexual
abuse had significantly elevated levels of catecholamines (NE, epinephrine,
DA} and cortisal in 24-h wrine samples (Lemieux and Coe 1995). Sexually
abused girls excreted significantly greater amounts of catecholamine metabo-
lites, metanephrine, vanilmandelic acid, and homovanillic acid (HVA) than
girls who were not sexually abused (DeBellis et al. 1994). Plasma levels of NE
were elevated throughout a 24-h period collection period (Yehuda et al. 1995b)
as were CSF levels of NE in PTSD patients (Baker etal. 1997). In the latter case,
exposure to traumatic reminders in the form of combat films resulied in in-
creased epinephrine (McFall et al. 1992) and NE (Blanchard et al. 1991) release,

Studies of peripheral NE receptor function have also shown alterations in o2
receptor and cyclic adenosine 39,59-monophosphate (cAMP) function in pa-
tients with PTSD. Decreases in platelet adrenergic a2-receptor number (Perry
etal, 1987), platelet basal adenosine, isoproterenol, forskolin-stimulated cAMP
signal transduction (Lerer et al. 1987), and basal platelet monoamine oxidase
(MAO) activity (Davidson et al. 1985) have been found in PTSD. These find-
ings may reflect chronic high ievels of NE release which lead to compensatory
recepior down-regulation and decreased responsiveness.

Patients with combat-related PTSD compared to healthy controls had en-
hanced behavioral, biochemical, and cardiovascular responses to the a2 antag-
onist yohimbine, which stimulates central NE release (Southwick et al, 1993,
1997). Moreover, a positron emission tomography stedy demonstrated that
PTSD patients have a cerebral metabolic response to yohimbine consistent
with increased NE release (Bremner et al. 1997b).

7
Panic Disorder

There is considerable evidence that abnormal regulation of brain noradrener-
gic systems is also involved in the pathophysiology of panic disorder. Panic dis-
order patients are very sensitive to the anxiogenic effects of yohimbine in addi-
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" tion to having exaggerated plasma 3-methoxy-4-hydroxyphenylethyleneglycol
{MHPG), cortisol, and cardiovascular responses (Charney et al. 1984, 1987a,
1992; Gurguis and Uhde 1990; Albus et al. 1992; Yeragani et al. 1992). Chil-
dren with a variety of anxiety disorders exhibit greater anxiogenic responses
to yohimbine than normal comparison children (Sallee et al. 2000). The re-
sponses to the a2-adrenergic receptor agonist clonidine are also abnormal in
panicdisorder patients. Clonidine administration caused greater hypotension,
greater decreases in plasma MHPG, and less sedation in panic patients than in
controls (Uhde et al. 1988; Nutt 1989; Coplan et al. 1995a,b; Marshall et al. 2002).

8
Phobic Disorders

Pew studies have examined noradrenergic function in patients with phobic
disorders. In patients with specific phobias, increases in subjective anxiety
and increased hearl rate, blood pressure, plasma NE, and epinephrine have
been associated with exposure to the phobic stimulus (Nesse et al. 1985). This
finding may be of interest {rom the standpoint of the model of conditioned fear,
reviewed above, in which a potentiated release of NE occurs in response to a re-
exposure to the original stressful stimulus. Patients with social phobia have
been found to have greater increases in plasma NE in comparison to healthy
controls and patients with panic disorder (Stein et al. 1992). In contrast to
panic disorder patients, the density of lymphocyte a-adrenoceptors is normal
in social phobic patients (Stein et al. 1993). The growth hormone response to
intravenous clonidine (a marker of centrai a2-receptor function) is blunted in
social phobia patients {Tancer et al. 1990).

9
Conclusion

There is emerging evidence that links the role of genetic factors to the vulnera-
bility to stress-related psychopathology, such as PTSD. An investigation of twin
pairs from the Vietnam Twin Registry reported that inheriled factors accounted
for up to 32% of the variance of PTSD symptoms beyond the contribution of
trauma severity (True et al. 1993). The molecular neurobiological abnormali-
ties that underlie these findings have not been elucidated. Two relatively smali
association studies which evaluated D; dopamine receptor polymorphisms in
PTSD yielded contradictory results (Comings et al. 1996; Gelernter et al. 1999}

A preliminary study found an association between the dopamine transporter
{DAT) polymorphism and PTSD {Gelernter et al. 1999). Volumetric magnetic
resonance imaging investigations demonstrated a smaller hippocampal vol-
ume in PTSD patients (Bremmner et al. 1995; Bremner et al. 1997; Gurvits et al.
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1996). A study of monozygotic twins discordant for trauma exposure found
evidence that smaller hippocampal volume may constitute a risk factor for
the development of stress-related psychopathology (Gilbertson et al. 2002).
The recent identification of functional polymorphisms for the glucocorticoid
receptor (DeRijk et al. 2002), the a2C adrenergic receptor subtype {Small et al.
2002), and for NPY synthesis {Kallio et al. 2001} provide opportunities to
investigate the genetic basis of the neurochemical response patterns to stress.
Work is commencing to examine the genetic basis of the neural mechanisms
of fear conditioning. There have been several recent advances in understand-
ing the genetic contribution and molecular machinery related to amygdala-
dependent learned fear. A gene encoding gastrin-releasing peptide (Grp) has
been identified in the LA, The Grp receptor {(GRPR) is expressed in GABAer-
- gic interneurons and mediates their inhibition of principal neurons. In GRPR
knockout mice, this inhibition is reduced and LTP enhanced. These mice have
enhanced and prolonged fear memory for auditory and contextual cues, in-
dicating that the GRP signaling pathway may serve as an inhibitory feedback
constraint on learned fear (Walker et al.. 2000). The work further supports
the role of GABA in fear and anxiety states (Goddard et al. 2001) and sug--
gests the genetic basis of vulnerability to anxiety may relate to GRE, GRPR, and
GABA (Ishikawa-Brush et al. 1997). Other preclinical studies indicate that there
may be a genetically determined mesocortical and mesoaccumbens dopamine
response to stress that relates to learned helplessness (Ventura et al. 2002).
Recently, it was demonstrated that healthy subjects with the serotonin trans-
porter polymorphism that has been associated with reduced 5-HT expression
and function and increased fear and anxiety behaviors, exhibit increased amyg-
dala neuronal activity in response to fear-inducing stimuli (Hariri et al. 2002;
Garpenstrand et al, 2001; Holmes et al. 2002). These preclinical and clinical data
suggest that multidisciplinary studies that use neurochemical, neuroimaging,
and genetic approaches have the potential to clarify the complex relationships
among genotype, phenotype, and psychobiological responses to stress.
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